Abstract With continued refinements in endoscopic image quality, instrumentation, surgical navigation, skull base closure techniques, anatomical understanding, and advanced neurosurgical and otolaryngological training, the endonasal endoscopic approach has become a well-accepted and widely utilized technique for the resection of most benign midline ventral skull base tumors. While pituitary adenomas and Rathke's cleft cysts constitute the most common lesions removed via this route, increasing experience has led to its broader utilization for more complex lesions, including craniopharyngiomas, midline meningiomas, and schwannomas. In this article, we review the recent literature published on this topic with an emphasis on the most interesting and important new results and discoveries for each type of benign skull base tumor.
Introduction
The rising interest in endoscopic transsphenoidal surgery during the 1990s and early twenty-first century has resulted in many if not most neurosurgeons transitioning first from a traditional microscopic to an endoscopic-assisted and eventually to a fully endoscopic approach. Jho and Carrau [28] and Cappabianca et al. [5] became the first to describe the endonasal endoscopic technique for standard sellar lesions. Over the years, in addition to pituitary adenomas and Rathke's Cleft Cysts (RCCs), the superior panoramic view and enlarged working angle offered by the endoscope has resulted in it being increasingly utilized for more complex lesions beyond the confines of the sella [45, 58] . Among other things, this development has also reintroduced the collaboration between neurosurgeons and the otolaryngologist-head and neck surgeons. Over the years, this collaboration has facilitated a further reach of these extended or expanded approaches to the entirety of the midline skull base, offering an increasingly favored option over traditional lateral and frontolateral skull base approaches. These include the transcribiform [29, 33] and transplanar approaches to the anterior cranial fossa and suprasellar region [6, 20, 61] , the transclival approach for infrasellar and pre-pontine lesions [30, 34] , and the trans-C1/trans-odontoid approach to the foramen magnum [32] . Endoscopic approaches to more paramedian and lateral skull base regions including the infratemporal fossa, petrous apex, Meckel's cave, and ventrolateral cervicomedullary junction have also been recently described [35, 36, 49] . The following review covers the most impactful/ relevant articles published in late 2011, 2012, and early 2013 with an emphasis on technical details and surgical nuances of the endonasal endoscopic approach, and on the utilization of this approach in the surgical management of pituitary adenomas, craniopharyngiomas, meningiomas, and schwannomas.
Endonasal Approach and Skull Base Reconstruction
The approach to the various regions of the ventral skull base has become one of the main responsibilities of the rhinological surgeon in standard endonasal endoscopic procedures. Reconstruction and prevention of cerebrospinal fluid (CSF) leaks has been a collaborative endeavor between the two surgical specialties. Entire fellowships are now dedicated to the craft of ''skull base surgery'' for the otolaryngologist-head and neck surgeon, emphasizing the importance of this emerging field.
Currently, most endonasal endoscopic approaches involve a bi-nostril, two-surgeon technique. This typically includes wide bilateral sphenoidotomies with posterior ethmoidectomies and a posterior septectomy to create one common ''optical cavity'' for a coordinated, high-resolution removal of anterior fossa, sellar, suprasellar, or clival tumors. One of the early limitations of expanding the indications of endonasal skull base surgery was reconstruction, as CSF leaks became the most common postoperative complication of such approaches [23] . The description and utilization of a posterior-based vascular pedicled nasoseptal flap by Hadad and Bassagaisteguy in 2006, however, has significantly reduced the incidence of post-operative CSF leaks in extended approaches to the supra-and parasellar regions [23, 37] . Initially, it was necessary to raise a full nasoseptal flap at the start of each endonasal endoscopic procedure in order to have it available for reconstruction should a large CSF leak be encountered. Otherwise, there was a risk of both vascular pedicles potentially being sacrificed either intentionally or inadvertently during the standard posterior septectomy and sphenoidotomy [1] . In order to the circumvent this problem, the unilateral ''rescue'' flap technique as described by Rivera-Serrano et al. [53] preserves the posterior nasoseptal arterial pedicle on one side without obstructing access to the rostrum of the sphenoid, allowing for the elevation of a full nasoseptal flap, only if it becomes necessary.
Modifications of the posterior nasal artery-based nasoseptal flap have been recently described, including an anteriorly-based lateral nasal sidewall flap for anterior skull base defects, and a posteriorly-based nasoseptal wall flap for large transplanum defects [24 • , 52] . These flaps are a useful part of the rhinological and neurosurgeons' armamentarium to provide effective reconstructive options along the entire spectrum of sinonasal defects from the cribriform region in the anterior cranial fossa, to the sellar, parasellar, and clival regions. At our institution, we employ and have recently submitted a description of a bilateral nasoseptal vascular pedicle and olfactory epithelium preserving technique for use in the majority of sellar and parasellar defects where we do not anticipate a large CSF leak. In addition to preserving both vascular pedicles for future use, this also promotes rapid healing while reducing the incidence of postoperative epistaxis and olfactory dysfunction (Fig. 1) .
Postoperative complications related to the sinonasal cavities in a large series of endonasal endoscopic approaches to sellar tumors most commonly include sinusitis (between 1.5 and 9.6 %), followed by epistaxis (1.09-4.3 %) [43] . Diminished olfactory function is a complication relevant to the endoscopic approach and has been shown to be as high as 50 % in the immediate postoperative period, although modified techniques of reconstruction that avoid raising an entire nasoseptal flap have demonstrated somewhat reduced levels of olfactory impairment [2, 51, 54, 59] .
Pituitary Adenomas
Pituitary adenomas are the third most common intracranial neoplasm in adults after gliomas and meningiomas, but represent the most frequent indication for a transsphenoidal operation with many if not most neurosurgeons today utilizing a fully endoscopic approach. Over the past year, a number of studies have been published further illustrating the advantages offered by endoscopy in comparison to the traditional speculum-based microscopic techniques.
Our group sought to examine the value of endoscopy for pituitary adenoma resection after initial removal using the operating microscope [48 • ]. In 140 patients who underwent maximal microscopic tumor resection, additional tumor was identified and removed as a result of endoscopic visualization in 36 % of cases including 54 % of patients with adenomas over 2 cm. In patients with cavernous sinus invasion, additional tumor was removed using the endoscope in 57 % of cases. Based on these findings, we concluded that the enhanced panoramic visualization and magnification of the endoscope appears to facilitate more complete tumor removal, and, taking into account a moderate learning curve, should eventually translate into higher remission rates for both endocrine-active and endocrineinactive adenomas.
Komotar et al. [40] compared the endoscopic and microscopic transsphenoidal approaches for giant pituitary macroadenomas ([4 cm) utilizing a systematic literature review and found higher rates of gross total tumor resection and visual improvement in the endoscopic cohort, with a lower incidence of post-operative CSF leaks. Despite the overall improved visualization associated with endoscopy as compared to traditional microscopic transsphenoidal surgery, tumor regrowth and recurrence continue to occur at a moderate rate, and re-do operations make-up a significant portion of the total number of cases performed.
Cavallo et al. [10] recently published their findings utilizing an endoscopic transsphenoidal approach for recurrent or re-growing lesions. Over a 10-year period, approximately 9 % of all pituitary adenoma surgeries were re-do procedures, with a gross total removal rate of 62.7 %. For recurrent functional adenomas, overall remission rate was lower at 33 %. An interesting finding which has often also been our experience is that the subgroup who had previously undergone a microsurgical transsphenoidal approach had a much higher gross total removal rate as compared to the group previously treated with an endoscopic approach (74 vs. 59 %). This is likely the result of a wider and more extensive sphenoidotomy having been performed with the utilization of the endoscope, as well as with a potentially larger amount of residual tumor being left with an initial microscopic approach that proved easier to visualize and remove with endoscopy.
In critically evaluating postoperative outcomes associated with the endonasal endoscopic removal of pituitary adenomas, Berker et al. [4 •• ] . in their review of 624 cases. demonstrated the low number of complications which occur when the operation is performed by an experienced team of surgeons. Overall. they reported a rhinological complication rate of 1.3 % including only 4 episodes of post-operative epistaxis, and also a low post-operative CSF leak rate of 1.3 %. They noted new anterior pituitary deficiency in 1.9 % of patients and permanent post-operative diabetes insipidus (DI) in 0.4 %. In terms of catastrophic complications, they reported one case of an intraoperative internal carotid artery injury (ICA) occurring in a patient with Cushing's disease and an existing cavernous ICA aneurysm, and no mortalities directly related to the surgical procedure. Hofstetter et al. [26] , in analyzing perioperative predictors of complications as well as extent of resection in macroadenomas, reported a similarly low complication rate. They determined that a tumor volume of greater than 10 cm 3 and the presence of cavernous sinus invasion were both the strongest predictors of post-operative complications along with an inability to achieve gross total tumor resection. These findings reflect what we have previously reported on, that a large tumor diameter, especially when over 2 cm, is the factor most associated with post-operative hypopituitarism [18] . In their recent article, however, they introduce a somewhat new concept concluding that total tumor volume rather than only tumor diameter was a more important predictive factor, and should therefore be utilized when necessary for macroadenomas as a better assessment of overall tumor size.
Craniopharyngiomas
Extended transsphenoidal approaches to craniopharyngiomas using the operating microscope primarily have previously been evaluated and compared to traditional transcranial routes [11, 31, 42, 46] . In many of these studies, the endoscope was often utilized only as an adjunct to the microscope in order to assist in tumor visualization [16] . However, limitations of the microscopic approach, including poor lateral tumor access, a long distance from the visualization source to the surgical target, loss of light with increased magnification, and the requirement of the nasal speculum even during the adjunctive use of the endoscope, have led many to adopt a purely endonasal endoscopic approach to these lesions [12, 22] . In addition, anatomic studies have often demonstrated the superior visualization of the suprasellar region achieved with the endoscope in comparison to the operating microscope [7] . Most recently, Leng et al. [44] analyzed the outcome of performing endoscopic endonasal resections of craniopharyngiomas in 26 cases. When the goal of surgery was gross total resection (GTR), this was achieved in 87 % of newly diagnosed tumors and 83 % of recurrent tumors. GTR or near total resection (NTR) was achieved in 95 % of surgeries while visual improvement was noted to occur in 77 % of patients. With regards to postoperative complications, new onset of anterior pituitary failure occurred in 38 % of patients with 42 % developing permanent post-operative DI. The reported CSF leak rate was 3.8 %.
Craniopharyngiomas extending superiorly into the third ventricle represent an important surgical challenge. Cavallo et al. [9] reported on their experience using an extended endonasal endoscopic approach on 12 patients harboring craniopharyngiomas arising from or extending to the third ventricle. They achieved a GTR rate of 66.7 % and NTR in 25 % of cases. Visual improvement occurred in 77.8 % of patients and worsened in 16.7 %. New onset of DI was seen in 66.7 % of patients, while two patients developed post-operative subdural hematomas. The authors specifically advocate considering this risk when the ventricular cavity is widely opened and there is associated pneumocephalus. The reported CSF leak rate of 16.7 % was also somewhat higher than has been reported in previous extended endonasal endoscopic craniopharyngioma series, likely a result of the increased risk associated with entry into the third ventricle.
Finally, Komotar et al. [39 • • ] performed a meta-analysis to compare the endonasal endoscopic with the traditional microscopic and open techniques for craniopharyngioma removal using 88 studies published between 1995 and 2010. Overall, they found higher rates of both GTR (66.9 vs. 48.3 %) and improved visual outcome (56.2 vs. 33.1 %) in the endoscopic cohorts. Other studies have shown similarly encouraging results using an extended endoscopic approach for craniopharyngiomas, establishing it as a legitimate and often preferable alternative to a transcranial procedure [8, 13, 19, 27] . Along with our own experience, these findings suggest that craniopharyngiomas of the sellar, suprasellar, and retrochiasmal space are ideally approached via an extended endonasal approach, while tumors with large lateral, anterior or suprachiasmatic extensions may be better accessed by a more traditional trans-cranial route. In addition, with the increasing use of stereotactic radiosurgery and stereotactic radiotherapy to treat residual craniopharyngiomas, patients might benefit from safe partial resection followed by observation or immediate post-operative radiation; if attempted, GTR may be associated with a higher risk of significant post-operative complications.
Meningiomas: Tuberculum sella, Planum Sphenoidale, and Olfactory Groove
Endonasal endoscopic access to meningiomas of the anterior cranial fossa including those of the olfactory groove, planum sphenoidale, and tuberculum sella are also being treated more frequently via an extended endoscopic endonasal approach. This trajectory is particularly appealing in that it allows for tumor resection without the need for brain retraction typically associated with open trans-cranial techniques [50] . In addition, this route allows for early devascularization of the meningeal blood supply. In previous reports, gross total or near total ([95 %) resection of anterior cranial fossa meningiomas was achieved in 83-91 % of patients treated via an extended endonasal endoscopic approach with no reported complications from excessive brain retraction or neurovascular manipulation [14, 15, 21] .
While the extended endonasal endoscopic route does provide direct access to meningiomas of the anterior skull base, anatomical restrictions for safe tumor removal include the posterior wall of the frontal sinus anteriorly, the cavernous and supraclinoid carotid arteries, and the optic nerves and mid-portion of the orbits laterally and the optic chiasm and pituitary infundibulum posteriorly. In order to determine the effect of these limitations on tumor removal, Komotar et al. [41] recently performed a meta-analysis comparing extended endoscopic approaches to traditional open trans-cranial procedures. Endoscopic removal was associated with a lower rate of GTR for all three types of meningiomas and a higher rate of post-operative CSF leaks. Visual outcomes were similar but there was a trend towards a reduction in overall postoperative complications in the endoscopic cohort. For example, in planum and tuberculum sella meningiomas, rates of GTR, postoperative visual improvement, postoperative CSF leak, and overall anosmia for open procedures were 84.1, 58.7, 4.3, and 13.8 %, respectively, while for endonasal endoscopic procedures, the numbers were 74.7, 69.1, 21.3, and 5.3 %, indicating overall slightly worse outcomes in comparison. Based upon the current available data, therefore, the extended endonasal endoscopic approach is ideally indicated for smaller predominantly midline meningiomas that are typically 3 cm or less in maximal diameter [17] .
Schwannomas
Non-vestibular schwannomas of the skull base are rare, with those arising from the trigeminal nerve being the most common. Normally originating from within Meckel's cave, these tumors are often large and dumbbell shaped with extension through the porus trigeminus into the posterior fossa. In addition, because tumors can grow along any of the three divisions of the trigeminal nerve, large components may also be found within the lateral wall of the cavernous sinus, the superior orbital fissure, the orbit, the pterygopalatine fossa, the maxillary sinus, and the infratemporal fossa [62] . Traditional trans-cranial approaches to these lesions, although effective, are often associated with excessive brain retraction while requiring the surgeon to traverse across critical neurovascular structures to gain access to the tumor. In addition utilizing a single approach to a tumor that has extended into multiple compartments is challenging, often resulting in some degree of temporary or permanent cranial nerve dysfunction along with postoperative problems with mastication, temporalis pain, and cosmetic disfigurement [63] .
The extended endonasal endoscopic approach which utilizes an anteromedial rather than lateral corridor to trigeminal schwannomas arising from within Meckel's cave has previously been well described [36, 55] . Overall, good results were reported primarily for tumors located medial to the trigeminal nerve and Gasserian ganglion, or in patients with lateral tumors and minimal nerve function pre-operatively. Most recently, Zhang et al. [63] described their results on 8 patients harboring trigeminal schwannomas with extracranial extension to the infratemporal fossa. All patients were treated using a purely endonasal endoscopic transmaxillary transpterygoid approach. They reported excellent exposure and visualization of both the lesion and the surrounding neurovascular structures, and in each case GTR was achieved with no significant postoperative complications. Komatzu et al. [38] also demonstrated similar findings in a series of cadaveric dissections reinforcing the enhanced visualization of Meckel's cave, V2, and the infratemporal fossa which can be obtained via an endonasal endoscopic approach. Overall, the use of an endonasal corridor provides a minimally invasive, safe alternative for accessing non-vestibular schwannomas and should be utilized when necessary for favorable lesions with minimal lateral extension.
Pituitary Centers of Excellence and Residency/ Fellowship Training
The utilization of endonasal endoscopic approaches for skull base tumors requires specialized practitioners optimally trained in the surgical technique as well as in the preand postoperative management of these patients. In the future, as technology allows us to continue to push the envelope further in endonasal endoscopic surgery, we recognize the importance of establishing standard training guidelines for neurosurgeons and otolaryngologists along with a verification process identifying centers which contain highly specialized practitioners who are experienced in the multi-disciplinary treatment of the full array of pituitary tumors and related brain tumors involving the ventral skull base. In a recently published paper focused on pituitary tumors, we suggest criteria and guidelines for establishing so-called ''pituitary centers of excellence'' which should provide: (1) comprehensive care and support to patients with pituitary disorders; (2) residency training, fellowship training, and/or continuing medical education in the management of pituitary and neuroendocrine disease; and (3) contribute to research in pituitary disorders [47] . It is our belief that, by establishing an accepted recognition and verification process for these institutions, patient management would be significantly improved. More than anything, it would allow those patients with complex disorders of the pituitary to be able to better identify where they are likely to receive optimal care with the latest evidence-based treatments. In addition, the collaboration of highly trained practitioners from different modalities provides the optimum environment for residency and fellowship instruction as well as cutting edge research.
With regards to surgical training, the idea of utilizing a modular incremental teaching program in order to reduce the risk of complications during surgeon development has previously been described [57] . Most recently, as resident hours continue to be restricted, thereby reducing the number of operative cases during training, the utilization of cadaveric dissection, implantable reproducible tumor models and psychomotor skill training devices have been described in order to shorten the learning curve in endonasal endoscopic surgery [3, 25, 60] . Ultimately, however, larger case volumes in combination with high-level instruction in endoscopy represent the most important factors in producing future well-trained skull base surgeons [56] .
Conclusion
Over the last decade, the endonasal endoscopic approach has gradually become an established skull base operative technique for the removal of most benign sellar and parasellar tumors, including pituitary adenomas, RCCs, craniopharyngiomas, midline meningiomas, and schwannomas. With enhanced high-definition visualization, improved instrumentation, and more reliable skull base closure techniques, as well as growing worldwide experience, surgical outcomes and complication rates continue to improve. Further advances and wider acceptance will likely continue, but neurosurgeons with limited experience should apply this approach in an incremental fashion commensurate with their anatomical knowledge, surgical experience, and available technology. Partnering with an otolaryngologist experienced in sino-nasal endoscopy is considered critical in developing a full multi-disciplinary team including endocrinologists, neuro-ophthalmologists, radiation oncologists, and medical oncologists. This team approach is essential to carefully define surgical goals and approach, to maximize chances of operative success and complication avoidance, and to provide comprehensive postoperative follow-up.
